that the replacement of conventional jet fuels with alternative jet fuels requires no retrofitting of aircraft engines. Studying the physical and chemical properties of these alternative jet fuels under realistic combusting conditions will assist in the verification that these fuels will be compatible with current energy conversion systems.
To help in the study and screening of these new alternative jet fuels, a realistic model gas turbine combustor was designed and constructed at the Air Force Research Laboratory at Wright-Patterson Air Force Base. This study examines three different jet fuels targeted by the National Jet Fuel Combustion Program (NJFCP). Category A fuels are conventional aviation fuels, while Category C fuels are designed to examine special particular properties of interest in jet fuels. The fuel designated A-2 is Jet A; C-1 is a low cetane number fuel; C-5 has a flat boiling curve. The objective of this work is to investigate and compare the spray characteristics for three different jet fuels being investigated under the NJFCP and correlate the spray behavior (droplet diameter and velocity) with flame characteristics. Establishing well-defined boundary conditions (including the fuel droplet distributions and velocities) are important for developing high quality gas turbine combustor models, which are useful for validating jet fuel and combustor performance.
Swirl stabilized spray combustion is a complex process that involves the interactions of turbulent air mixing, fuel droplet breakup and evaporation, chemical reaction, and heat release. During steady combustion, hot products are entrained into the fuel spray zone, which provide the heat to evaporate the fuel 1 . Fuel droplet vaporization forms a fuel vapor cloud, which then burns as a gas diffusion flame 2 . Chong and Hochgreb 3 utilized phase Doppler anemometry (PDA) to measure droplet size and velocity as well as OH* chemiluminescence to visualize the flame structure of Jet-A1 and a palm biodiesel, demonstrating differences between the fuels in both fuel droplet diameter and flame structure. They also later compared Jet A-1 and a rapeseed biodiesel fuel, once again, finding differences in flame structure and droplet Sauter mean diameter (SMD) 4 . Grohmann et al. 5 examined the differences in fuel droplet diameter and velocity for three single component hydrocarbons as well as Jet A1 for reference. Spray characterization, using a 2D PDA system, of the NJFCP fuels under non-reacting conditions (but relevant inlet conditions) with a hybrid air blast fuel injector and atomizer revealed differences in SMD one inch downstream of the swirler exit 6 . To the authors' knowledge, no measurements of the fuel droplet diameters and velocities have been made for these alternative jet fuels under combusting conditions.
II. Experimental

A. Referee Combustor
The burner used for the current study is a single-cup swirl-stabilized combustor located at Wright-Patterson Air Force Base 7 . It is designed to reproduce the key features of real gas turbine combustors used in aircraft engines. The swirler consists of one inner radial swirler and two outer axial swirlers; the swirler is held in place by a pressure swirl atomizer. A deflector plate, as shown in Figure 1 , acts as a thermal shield for the dome effusion holes, and it is used as the reference plane for defining the measurement's axial location (z position). Air is supplied to the combustor at 394 K and 30 psia, and fuel is supplied to the combustor at 322 K through the pressure atomizer. The pressure drop across the swirler is 3 percent. The combustor is operated at steady-state near lean blowout (LBO), at a global equivalence ratio of φ = 0.096. Three different fuels being studied under the umbrella of the NJFCP are examined: A-2, C-1, and C-5.
B. 2D Phase Doppler Particle Analyzer
A 2D PDA system was used to characterize the fuel droplets during combustion, measuring diameter and two components of velocity. The 2D PDA (Dantec 112mm fiber PDA) measures the frequency of the Doppler burst signal to determine velocity (one component from each pair of beam wavelengths) and the phase difference between two Doppler bursts to calculate the droplet diameter. An argon-ion laser (Ion Laser Technology), which produces a continuous laser beam with wavelengths ranging from 457 nm to 514.5 nm, is directed into a transmitter where the beam is split up by wavelength and coupled into optical fibers. Four beams, two at 488 nm and two at 514.5 nm (about 4 mW of power per beam), are focused by a 500mm focal length lens on the PDA transmitter head and directed into the combustion chamber. The transmitter head and receiver head, with an 800mm focal length lens, are mounted on traverses placed on either side of the combustor. The traverses, fitted with encoders, are linked and controlled via a LabVIEW code. Data is collected using BSA Flow Software, and the data is written to text files.
C. OH* Chemiluminescence Imaging
The imaging of OH* chemiluminescence is conducted using a LaVision High-Speed IRO and Photron FASTCAM SA-Z with a Semrock Brightline 320/40 bandpass filter in front of a Cerco 100 mm, f/2.8 UV lens. Images are taken at 20 kHz with a 1000 ns gate and 60 percent gain. The spatial resolution for the imaging is approximately 0.29 mm per pixel, and a total of 3000 images are used for each average image. Excited OH* is a good indicator of heat release rate from the flame zone 8 , which makes it useful for visualizing flame structure.
III. Results and Discussion
Droplet axial and radial velocity distributions, SMD distributions, and data collection rates for the fuels studied are presented. For A-2 at φ = 0.096, data collection rate is shown in Figure 1 as a function of y-position at various axial locations. The origin is taken to be the intersection of the centerline of the injector and the downstream face of the heat shield. Positive z-position is taken to be positive downstream (flowing out of the combustor) and y-position is taken to be positive up (towards the top of the combustor). The data rate is a good indicator of where the spray is located and can be used to calculate and report spray angles. The low data collection rate near the centerline verifies that the fuel injection is a hollow cone.
It is unsurprising that the width of each side of the spray increases with increasing distance downstream, and the overall width of the spray increases until it spans nearly the full height of the combustor (109 mm) by 35 mm downstream. At 35 mm downstream, the data collection rates are greatly diminished, which can be explained by further spread of the spray as well as evaporation due to combustion.
A. Comparison of Fuel Droplet Diameters
SMD is calculated at each position where diameter data is collected, and Figure 3a shows the SMD versus yposition 0 mm, 5 mm, and 10 mm downstream of the deflector plate for each fuel tested. SMDs are only reported at locations where more than 1000 droplets were measured. Figures 3b, 3c , and 3d show normalized histograms of the droplet diameters 10 mm, 15 mm, and 20 mm above the centerline at each axial location shown. The differences in SMD between the fuels are seen in the diameter histograms as a larger fraction of large droplets.
As seen in Figure 3a) , just downstream of the deflector plate (z = 0 mm), C-1 has a higher SMD than either A-2 or C-5, between 10 and 35 microns greater at y positions more than 12 mm above the centerline. This can be seen in Figure 3b , as C-1 has relatively few droplets with a diameter less than 20 microns compared with A-2 and C-5 at the same y positions. This seems to indicate that C-1 is either still undergoing fuel droplet breakup or that C-1 experiences less upstream evaporation compared to A-2 and C-5. At 5 mm downstream of the deflector plate, the A-2 and C-5 fuels have very similar SMDs at all measurement points where enough droplets were collected. The maximum difference between the SMDs for those two fuels is about 8 microns, occurring at y = 15 mm. The histograms in Figure  3c and 3d explain this difference; about 65 percent of the A-2 fuel droplets have diameters smaller than 20 microns while less than 50 percent of C-5 fuel droplets have diameters smaller than 20 microns. A-2 also has fewer than 4 percent of droplets with diameters larger than 40 microns while C-5 has about 10 percent of droplets with diameters larger than 40 microns. The C-1 fuel droplets have similar SMDs to A-2 and C-5 at y positions greater than 12 mm above the centerline, but below 12 mm, the SMDs of C-1 are 10 to 15 microns smaller than those of A-2 or C-5. It is also notable that the maximum C-1 SMD has dropped by about 25 microns, bringing it in line with the SMDs of A-2 and C-5.
Figure 2. A-2 data collection rate. Data collection rate versus y-position at various axial locations for A-2 at φ=0.096
At 10 mm downstream of the deflector plate, C-1 and A-2 have similar SMD profiles, with a maximum difference of about 11 microns from y = 10 mm up to 22 mm. The profiles diverge at y positions above 22 mm, with the A-2 SMDs increasing slightly, while the C-1 SMDs slowly decrease with increasing y position until it hits a minimum of 20 microns at 27 mm above the combustor centerline. The C-5 fuel droplets at 10 mm downstream of the deflector plate show a marked decrease in the fraction of droplets smaller than 20 microns in diameter as seen in the last row of Figure 3b ). Less than 3 percent of C-5 fuel droplets measured 10 mm downstream of the deflector plate (at y = 5, 10, 15 mm) have diameter smaller than 20 microns. At those same locations, at least 40 percent of A-2 and at least 57 percent of C-1 fuel droplets are smaller than 20 microns in diameter. The result of this absence of small C-5 fuel droplets is an SMD that is 12 to 37 microns greater than the corresponding C-1 or A-2 SMD. This indicates that small C-5 fuel droplets have almost completely evaporated between 5 mm and 10 mm downstream of the deflector plate. The small droplets are expected to evaporate first because they have a larger surface area to volume ratio than larger droplets. The evaporation of the small C-5 droplets before those of C-1 and A-2 is consistent with C-5's flat boiling curve (0 to 95 percent distillation between 155°C and 165°C) 7 . The C-1 (0 to 95 percent distillation between 175°C and 246°C) and A-2 (0 to 95 percent distillation between 160°C and 255°C) fuels boil over a much wider range of temperatures 7 . Figure 4 shows the A-2 fuel droplet mean axial and radial velocity distributions versus y-position at various axial locations. Both the axial and radial velocity distributions are symmetric about the centerline, and the distributions broaden with increasing downstream location. One interesting feature present in both the axial and radial velocity distributions is the near zero or slightly negative velocities along the centerline. This indicates the presence of an inner recirculation zone, but very few droplets are present in the center as indicated by the low data collection rates near the centerline. As seen in Figure 4 , the mean radial velocity profiles at 0 mm, 5 mm, and 10 mm downstream of the deflector plate are very similar to each other. At 25 mm and 35 mm downstream of the deflector plate, the radial velocity profiles broaden and the maximum droplet velocities decrease. The axial velocity profiles at 5 mm and 10 mm for A-2 exhibit a sharp peak that roughly corresponds with the center of the spray as marked by the data collection rate. As with the radial velocity, the axial velocity profiles broaden and have a lower maximum value further downstream (25 mm and 35 mm).
B. Droplet Velocities
A comparison of fuel droplet radial velocity for the different fuels is shown on the left in Figure 5 at 0 mm, 5 mm, and 10 mm downstream of the deflector plate, and a comparison of fuel droplet axial velocity at 5mm is shown on the right in Figure 5 . The radial velocity profiles for each fuel have a great deal of similarity across the fuels at each downstream position shown. Figure 5 also shows the axial velocity profile 5 mm downstream of the deflector plate. The C-1 axial velocity profile is slightly different from C-5 and A-2, reaching its peak about 2 mm inside of the peaks for C-5 and A-2. 
C. Comparison with OH* Imaging
Average OH* chemiluminescence images show significant differences in the flame structures of the different fuels as seen in Figure 6 . The averaged chemiluminescence images are normalized by the maximum intensity in each averaged image. The C-1 flame has straight top and bottom edges, suggesting that the flame is stabilized on the spray edges, while the A-2 and C-5 flame have more rounded top and bottom edges. The flames for all three fuels demonstrate some amount of deviation from axisymmetry (larger flame lobe in the bottom half of the combustor); gravitational effects likely play some role this asymmetry. However, the A-2 flame has significantly more OH* emission in the lower half of the combustor than in the top half of the combustor. One explanation for C-1's lower deviation from symmetry is that because of its lower cetane number, the flame anchors more closely to the spray zone, resulting in flame emission that looks largely like the spray cone. A possible explanation for C-5's reduced deviation from asymmetry is that it's flat boiling curve results in the fuel droplets evaporating rapidly as seen in the diameter histograms for z = 10mm in Figure 3d , creating a fuel vapor cloud that will be negligibly affected by gravity. A-2 has neither of these fuels' extreme properties, allowing gravitational effects on the A-2 fuel droplets to play a larger role, which may result in more of the asymmetry seen in the A-2 OH* emission.
The C-1 OH* emission shows that the flame extends the least far downstream with most of the flame contained within 50 mm of the deflector plate, compared to 65 mm downstream for A-2 and 55 mm downstream for C-5. The C-1 droplet SMD profile at 10 mm downstream (the closest droplet profile to the start of the C-1 flame) shows that the decrease in SMD at y positions greater than 19 mm, corresponding to an absence of OH* emission at these locations. This indicates that outside of the main body of the flame, the smallest droplets do not evaporate. A comparison of the SMD profile and diameter histograms for C-5 at 10 mm downstream of the deflector plate show that the smallest droplets have already evaporated before reaching the body of the flame (starting at about 15 mm downstream). The evaporation of the smaller C-5 fuel droplets before reaching the flame can be explained by the flat C-5 boiling curve.
IV. Conclusions
A 2D PDA system is used to make measurements of fuel droplet diameters and velocities for Jet A and two alternative jet fuels under the umbrella of the NJFCP. Average OH* chemiluminescence images are used to determine flame structure with the goal of correlating spray characteristics with flame location. All the measurements presented are at a combustor inlet pressure of 30 psia and temperature of 394 K with a 3 percent pressure drop across the swirler. The fuel is supplied at 322 K through a pressure atomizer to achieve a global equivalence ratio of φ = 0.096. The category C alternative jet fuels are selected for their unusual properties, low cetane number for C-1 and flat boiling curve for C-5, and are compared to a baseline fuel, A-2, which is conventional Jet A. Profiles of the SMDs reveal differences between the fuels, particularly between C-5 and the other two fuels, which is likely a result of its flat boiling curve. At 10 mm downstream, C-5 has an SMD between 12 and 37 microns greater than the corresponding points of A-2 and C-1. The axial and radial velocity profiles show great similarity between the fuels with near identical radial velocity profiles and only a small difference in the axial velocity profile for C-1 from the other two fuels. The OH* emission reveals some distinct differences in the flame structure for each of the fuels. The differences in SMD profiles and flame structure suggest further examination of the potential correlation between SMD and OH* intensity is required. The results of this work motivate further study into the spray characteristics during combustion to better understand the physics and related chemistry of swirl-stabilized spray flames near LBO. 
